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Introduction
============

Adsorption properties strongly influence the performance of catalytic materials, hence precise knowledge of these properties can assist in characterization, design and optimization of such materials. However, the adsorption properties are generally judged from single-component adsorption measurements often at room temperatures or even under liquid nitrogen conditions, and therefore an extension to practical situations may lead to a severe deviation from the real behavior. *In situ* adsorption measurements on catalytic materials, especially at high temperature and high pressure conditions, still remain a great challenge.

An adsorption measurement device based on a quartz crystal microbalance (QCM) is advantageous over the commercialized volumetric and gravimetric methods in a way that it is highly accurate for mass sorption applications, satisfactorily stable in a controlled environment, and more affordable^1-2^. However, the conventional QCM analysis is limited to temperatures below 80 °C^1-2^. In order to overcome this limitation, we developed an adsorption measurement device based on a high-temperature high-frequency oscillating microbalance (langatate crystal microbalance, LCM)^3^, which can realize the adsorption measurements in principle at temperatures as high as 200-300 °C, owing to the absence of crystalline-phase transitions up to its melting point (1,470 °C)^4^. The LCMs used in this work have an AT-cut (*i.e.*, the plate of the crystal microbalance contains the x axis of the crystal and is inclined by 35°15\' from the z axis) and a resonant frequency of 5 MHz. This device was applied to the adsorption measurements of CO~2~, H~2~O, methanol, and dimethyl ether (DME), each in gaseous state, on zeolite H-ZSM-5 in the temperature range of 50-150 °C and pressure range of 0-18 bar^3^, aiming at the validation of simulation models for the optimization of bifunctional core-shell catalysts for one-stage production of DME from the synthesis gas^5-6^. How to operate this device for gas adsorption measurements is presented in the protocol section.

Prior to the adsorption measurements, zeolite H-ZSM-5 crystallites (0.502 mg) were synthesized on the gold electrode in the center of the LCM by the steam-assisted crystallization (SAC) method according to de la Iglesia *et al.*^7^, in such a way that the zeolite crystallites remain attached to the oscillating microbalance. As shown in **Figure 1**, the LCM used in the adsorption measurement device has polished gold electrodes on both sides, which help to connect the LCM to an oscillator. Since the zeolite crystals on the connection points of the gold electrodes to the oscillator would significantly reduce the electroconductivity (as indicated in **Figure 1**) and thus the measurement sensitivity of the LCM, the zeolite H-ZSM-5 crystals were deposited on the LCM via the SAC method not covering these connection points^3^. The details about the synthesis of zeolite H-ZSM-5 on LCM are briefly summarized in the following protocol section and shown in the video protocol in detail.

Protocol
========

Caution: Please consult all relevant material safety data sheets (MSDS) before use. Several of the chemicals used in the synthesis of zeolite H-ZSM-5 are acutely toxic and carcinogenic. Nanomaterials may have additional risks compared to their bulk counterpart. Please use all appropriate safety practices when performing a nanocrystal reaction including the use of engineering controls (fume hood, glovebox) and personal protective equipment (safety glasses, gloves, lab coat, full length pants, closed-toe shoes). Moreover, pay special attention when, performing the adsorption measurements with methanol and DME, since both are flammable and explosive dangerous materials.

1. Synthesis of Zeolite H-ZSM-5 on the LCM
------------------------------------------

1.  **Preparation of a zeolite synthesis mixture** Note: The final synthesis mixture had the following molar composition as adapted from de la Iglesia *et al.*^7^: 1 SiO~2~ : 50 H~2~O : 0.07 Na~2~O : 0.024 TPA~2~O : 0.005 Al~2~O~3~. Thus, the theoretical Si/Al molar ratio of the synthesized zeolite H-ZSM-5 is 100. Dissolve 0.14 g sodium hydroxide in 20.30 g de-ionized water via stirring. Alternatively, mix 3.64 g of 1 M NaOH with 16.8 g de-ionized water.Add 1.16 g tetrapropylammonium hydroxide (TPAOH) solution, and stir the solution until it appears clear.Add 5.0 g tetraethyl orthosilicate (TEOS) solution dropwise, and stir the solution until it appears clear.Keep stirring, while adding 0.09 g aluminum nitrate nonahydrate (Al(NO~3~)~3~·9H~2~O, solid) into the solution.Keep stirring until the solid aluminum nitrate nonahydrate is dissolved. Note that the prepared zeolite synthesis mixture should be used within 5 hr due to its aging.

2.  **Synthesis of zeolite ZSM-5 on the LCM via SAC^3^** **Clean the LCM before the zeolite synthesis** Wash the LCM thoroughly with the de-ionized water.Put the LCM in a beaker with the de-ionized water, and clean it in an ultrasound bath.Dry the LCM at 80 °C in an oven.**Zeolite synthesis** Carefully place several drops of the prepared zeolite synthesis mixture on the electrode in the center of the LCM as shown in **Figure 1** using a pipette, since only the zeolite deposited on the gold electrode can cause the resonant frequency shift of the LCM^8^. Moreover, avoid spreading the synthesis mixture on the connection points of the gold electrodes to the oscillator, since the zeolite on the connection points would significantly reduce the electroconductivity and thus the measurement sensitivity of the LCM. In addition, removing the zeolite crystals on the connection points after the deposition will destroy the electrodes.Dry the LCM with the synthesis mixture at 80 °C for 2 hr to obtain a highly viscous gel-like phase on it.Add a small amount of de-ionized water (about 10 ml) in a Teflon-lined autoclave (80 ml) in order to produce the steam during the zeolite synthesis.Put the Teflon holder in the autoclave, which supports the LCM horizontally above the liquid water at the bottom of the autoclave during the zeolite synthesis.Keep the autoclave in an oven at 150 °C for 48 hr to synthesize the zeolite on the LCM via the SAC method.Right after the SAC, wash the coated LCM with the de-ionized water and dry it at 80 °C for 2 hr.Remove the organic template in the zeolite crystals by calcination in a high-temperature oven under an oxidative atmosphere. Program the oven as follows: a) Increase the temperature from ambient to 450 °C at a rate of 3 °C min^-1^; b) Keep the temperature at 450 °C for 4 hr; c) Decrease the temperature from 450 °C to room temperature at a rate of 3 °C min^-1^.Dissolve 26.75 g ammonium chloride (NH~4~Cl, solid) in 0.4 L de-ionized water. Add more de-ionized water in the solution so that the final NH~4~Cl solution is 0.5 L and has the concentration of 1 mol dm^-3^.Put the coated LCM into the NH~4~Cl solution (0.2 L) in a beaker, and ion-exchange the Na-ZSM-5 crystals coated on the LCM at 20 °C for 2 hr. Repeat the ion-exchange using 0.2 L fresh NH~4~Cl solution to get the NH~4~-ZSM-5 crystals.Obtain the H-ZSM-5 by final calcination using the same parameters as mentioned in Step 1.2.2.7.

2. Adsorption Measurements Using the LCM-based Adsorption Measurement Device^3^
-------------------------------------------------------------------------------

**Note:** In this work, the LCM without coating and the one coated with H-ZSM-5 (prepared in the last section) is termed \"reference LCM\" and \"sample LCM\", respectively. Moreover, the sample LCM before zeolite deposition is termed \"unloaded sample LCM\". In a previous publication in Journal of Physical Chemistry C^3^, a detailed description of the LCM-based adsorption measurement device can be found. In this work, the operation of the device for gas adsorption measurements is presented in this short protocol and in the video protocol in detail.

1.  **Preparation before adsorption measurements** **Tests on the effects of temperature and pressure on the difference in resonant frequencies of the reference and unloaded sample LCMs** Clean the O-ring, the LCM holder, and the sample chamber with acetone and pressed air.Put the reference and unloaded sample LCMs in a beaker with de-ionized water and clean them in an ultrasound bath.Carefully place the clean reference and unloaded sample LCMs on the LCM holder, which is connected to the oscillator via high temperature resistant electric cables.Pretest the installed LCMs using the oscillator to ensure that the resonant frequencies can be detected successfully.Close the sample chamber, and evacuate it by a vacuum pump.Change the pressure in the sample chamber via dosing pure N~2~.Control the temperature inside the sample chamber by a temperature controller.Measure the resonant frequencies of the reference and unloaded sample LCMs in the studied temperature and pressure ranges, *i.e.*, 50-150 °C and 0-16 bar, in order to know the effect of temperature and pressure on the difference in resonant frequencies of the reference and unloaded sample LCMs ( in Step 2.2.4). The tests show that is significantly affected by the temperature (1,200 to 3,000 Hz at 50-150 °C), whereas the gas pressure has no significant effect (change of smaller than 300 Hz in the pressure range of 0-16 bar). Use the determined values of in the Sauerbrey equation in Step 2.2.4 to calculate the adsorbed amount of gases on the zeolite.**Activation of sample LCM** Clean the O-ring, the LCM holder, and the sample chamber with acetone and pressed air.Put the reference LCM in a beaker with de-ionized water, and clean it in an ultrasound bath.Carefully place the clean reference LCM and sample LCM on the LCM holder, which is connected to the oscillator via high temperature resistant electric cables.Pretest the placed LCMs using the oscillator to ensure that the resonant frequencies can be detected successfully.Close the sample chamber, and evacuate it by a vacuum pump.Activate the sample LCM at high temperatures (at least 50 °C higher than the temperatures of the adsorption measurements, 200 °C in this work) in vacuum condition overnight to ensure that only a negligible gas amount is adsorbed on the H-ZSM-5.

2.  **Adsorption measurementsNote:** In this work, the adsorption measurement of CO~2~ at 50 °C is presented to give an example. The obtained data from the measurement (*e.g.*, resonant frequencies) and the calculated masses of adsorbed CO~2~ on the H-ZSM-5 can be found in Table S1 of the Supporting Information of our previous publication^3^. Adjust the temperature inside the sample chamber at the desired temperature of the adsorption measurements (*i.e.*, 50 ± 0.1 °C) by a temperature controller, under vacuum conditions, *i.e.*, only with a negligible amount of adsorbed gas.Connect the oscillator to the sample LCM, and measure its resonant frequency by the supporting software of the oscillator via fitting the experimental data with a Butterworth-Van Dyke equivalent circuit model.Switch the connection of the oscillator to the reference LCM, and measure its resonant frequency.Use the measured resonant frequencies of the sample and reference LCMs under vacuum conditions to determine the mass of H-ZSM-5 deposited on the sample LCM (without adsorbed gas) according to the Sauerbrey equation^2,\ 8^:                      where is the difference in mass in g, is the number of the harmonic at which the crystal is driven (in this study, ), is the difference in resonant frequencies of reference and sample LCMs in Hz, is the difference of the resonant frequencies between the reference and unloaded sample LCM in Hz, is the density of the langatate crystal (6.13 g cm^−3^)^4^, is the effective piezoelectrically stiffened shear modulus of the langatate crystal (1.9×10^12^ g cm^−1^ sec^−2^)^4^, is the resonant frequency of the reference LCM, *i.e.*, the unloaded LCM, , the area of the LCM (1.539 cm^2^)^3^. Note: In this work, the mass of H-ZSM-5 deposited on the gold electrode in the center of the LCM is 0.502 mg, which causes a resonant frequency shift of 14,100 Hz at 50 °C.Control the gas pressure of CO~2~ inside the sample chamber by dosing pure gas from the gas cylinder via a mass flow controller (for methanol and DME, from the evaporator manually via a dosing valve into the chamber), or by evacuation via a vacuum pump. Here, use a pressure range of CO~2~ adsorption measurements of 0-16 bar as shown in **Figure 2**.Wait until equilibrium conditions and a stable temperature have been reached, *e.g.*, the temperature varies within 50 ± 0.1 °C.Connect the oscillator to the sample LCM, and measure its resonant frequency after exposure to the gas at a given pressure.Switch the connection of the oscillator to the reference LCM, and measure its resonant frequency under the same conditions.According to the Sauerbrey equation shown above, calculate the total mass of H-ZSM-5 deposited on the sample LCM and gas adsorbed on the H-ZSM-5 under this gas pressure. By subtracting the mass of H-ZSM-5 (without adsorbed gas) determined in Step 2.2.4, the mass of CO~2~ adsorbed on the H-ZSM-5 under this gas pressure is obtained.Repeat the resonant frequency measurements for sample and reference LCMs for varying pressures, in order to obtain all the masses of CO~2~ adsorbed on the H-ZSM-5 sample under different gas pressures.Finally, obtain the gas adsorption isotherm at 50 °C in the studied pressure range of 0-16 bar via calculating all the masses of CO~2~ adsorbed on the H-ZSM-5 sample under different gas pressures according to Step 2.2.9.For adsorption isotherms at other temperatures, change the stable temperature using the temperature controller, and repeat Steps 2.2.1 to 2.2.11.Fit the adsorption isotherms with adsorption models like Langmuir models via the least squares method to determine the adsorption parameters like adsorption capacities, adsorption enthalpies, and adsorption entropies (see previous publication^3^ and its Supporting Information).

Representative Results
======================

**Figure 1** shows the photographs, light microscopy and scanning electron microscopy (SEM) images of the coated and uncoated LCM sensor (left), as well as their X-ray diffraction (XRD) patterns (right). From both, light and scanning electron microscopy (**Figure 1b**and**c**), the connection points of the gold electrodes to the oscillator are less covered with zeolite crystals than the center region of the LCM. Most of the zeolite crystals on top of the LCM-sensor are isolated and show characteristic rounded-boat morphology, with the (010)-plane predominantly facing up. Besides, some crystals additionally show the typical intergrowth behavior (\"twinned crystals\"). Moreover, the loaded H-ZSM-5 (Si/Al molar ratio of 100 according to the composition of the synthesis mixture) on the langatate crystal has been investigated by XRD and wavelength-dispersive X-ray (WDX) spectroscopy^3^.

In **Figure 2**, CO~2~ adsorption isotherms for the H-ZSM-5 zeolite obtained with the LCM device in the temperature range of 50-150 °C and pressure range of 0-16 bar, as well as the fit of the single site Langmuir isotherm model to the experimental data, are shown to give a representative example. As shown in **Figure 2**, the determined adsorption isotherms of CO~2~ were fitted with a single site Langmuir isotherm well. **Figure 3** shows the diagram of ln(*K\'~i~*) vs. 1,000/T for CO~2~ as derived from the adsorption isotherms, *i.e.*, the temperature dependence of the adsorption constants determined from the fit of the adsorption isotherms. The adsorption enthalpies and entropies of CO~2~ were determined by fitting with the van\'t Hoff equation (see the Supporting Information of the previous publication^3^). The results of the model fitting show that the adsorption capacity, adsorption enthalpy and adsorption entropy for CO~2~ in H-ZSM-5 are 4.0 ± 0.2 mmol g^-1^, 15.3 ± 0.5 kJ mol^-1^ and 56.3 ± 1.5 J mol^-1^ K^-1^, respectively^3^.

The high quality of the fit of the single site Langmuir isotherm and the van\'t Hoff equation as shown in **Figures 2**and**3** supports the assumption of a constant adsorption capacity (*i.e.*, saturation loading) and enthalpy (*i.e.*, heat of adsorption) to be valid at least for the range of conditions used. Moreover, the adsorption parameters of CO~2~ determined by the LCM-based adsorption measurement device in this work compare well to values reported in literature^9-12^, *i.e.*, the adsorption capacity, adsorption enthalpy and adsorption entropy reported for CO~2~ in MFI-type zeolites vary in the range of 2.1-3.8 mmol g^-1^, 19-28.7 kJ mol^-1^, and 43.7-82.7 J mol^-1^ K^-1^, respectively, in the temperature range of 30-200 °C and pressure range of 0-5 bar.

**Figure 1.**Coated langatate crystal microbalance sensor (left). (**a**) Photographs of the coated and uncoated sensor (right), (**b**) light microscopy and (**c**) scanning electron microscopy images. The X-ray diffraction patterns of coated and uncoated LCM sensor (right). This figure has been modified from a previous publication^3^. Reprinted with the permission of American Chemical Society (Copyright 2015). [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/54413/54413fig1large.jpg)

**Figure 2. Adsorption isotherms for CO~2~ in H-ZSM-5 at 50 (), 75 (), 100 (), and 150 °C ().** The symbols represent the experimental data, the error bars indicate the measurement uncertainty of the resonant frequencies caused by, *e.g.*, the temperature instability, and calculated according to the Sauerbrey equation as described in Step 2.2.4, and the lines represent the fit of the single site Langmuir isotherm model to the experimental data. This figure has been modified from a previous publication^3^. Reprinted with the permission of American Chemical Society (Copyright 2015). [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/54413/54413fig2large.jpg)

**Figure 3.ln**(***K~i~*****) vs. 1,000/T to determine adsorption enthalpies and entropies for CO~2~.** This figure has been modified from a previous publication^3^. Reprinted with the permission of American Chemical Society (Copyright 2015). [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/54413/54413fig3large.jpg)

Discussion
==========

In this work, the successful synthesis of the zeolite H-ZSM-5 crystals on the gold electrode in the center of the LCM sensor by SAC is demonstrated, *i.e.*, the zeolite is successfully loaded on the LCM sensor without covering the connection points of the gold electrodes to the oscillator. Thus, the zeolite can oscillate together with the LCM sensor, while the LCM sensor keeps its good electroconductivity and measurement sensitivity. Compared to the conventional QCM devices which are limited below 80 °C, the LCM device presented in this work is successfully used for the adsorption measurements at temperatures as high as 150 °C, *i.e.*, at or close to the temperature of reactions in industry. However, the present LCM device is limited below 200 °C. At temperatures higher than 200 °C, the measurement uncertainty may exceed the mass of the adsorbed gas, since, with the increasing temperature above 150 °C, the mass of the adsorbed gas has a significant decrease, whereas the measurement uncertainty increases significantly due to the decreasing temperature control precision. Thus, in future experiments, a new method should be developed to deposit more zeolite on the LCM, which causes more gas to adsorb, and moreover compensates the effect of the temperature and pressure on . This could help to extend the application range of the LCM device to higher temperatures.

During the experiment, the critical steps in the zeolite synthesis are Steps 1.2.2.1, 1.2.2.4, 1.2.2.5 and 1.2.2.7, while those in the adsorption measurements are Steps 2.1.1.3, 2.1.1.4, 2.2.1, 2.2.5 and 2.2.6. In Step 1.2.2.1, avoid placing too much of the synthesis mixture on the LCM, which would spread on the connection points of the gold electrodes. In Step 1.2.2.4, carefully put the Teflon holder with the LCM in the autoclave to ensure that the LCM is horizontal and does not contact the liquid water at the bottom. In Steps 1.2.2.5 and 1.2.2.7, do not use a higher temperature in the zeolite synthesis and calcination, since our previous experiments show that it leads to degradation of the LCM. In the adsorption measurements, the position of the LCM sensors has a significant effect on the connectivity of the LCM sensors to the oscillator, and therefore on the quality of the resonant frequency signals. Therefore, pay special attention to Steps 2.1.1.3 and 2.1.1.4, in which the LCMs are loaded on the holder and pretested. The LCMs should be in the position that they are connected with the oscillator via the connection points of the electrodes (indicated in **Figure 1**). This is mandatory to obtain high quality resonant frequency signals enabling high measurement accuracy. In addition, in Steps 2.2.1 and 2.2.6, ensure that a stable temperature is achieved before the measurements, since this also increases the measurement accuracy. Moreover, in Step 2.2.5, feed the gas slowly, in order to have a small change of the temperature inside. This helps the temperature to become stable again after a short time.

Since the SAC synthesis method for zeolite H-ZSM-5 on the LCM sensor could be extended to other zeolites easily, the LCM-based adsorption measurement device is expected to be used for them as well. Moreover, due to its high accuracy and low cost, this device is expected to be applicable to any material, which could be coated on the LCM, in order to investigate its adsorption properties at high temperatures.
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